The electronic structure of chromium aluminum oxynitride has been investigated using resonant photoemission spectroscopy (RPES) and the discrete variational (DV)-X method. The RPES measurement of the electronic structure around the Cr 2p 3=2 absorption edges exhibited significant resonant interference behavior for Cr 3d valence electrons, whereas it exhibited small resonant interference behavior for N 2p valence electrons. Therefore this RPES method can be useful for analyzing the valence band of chromium aluminum oxynitride film. The top of the valence band predominantly consists of Cr 3d and a small amount of N 2p. The difference between the measured photoemission spectra of the valence band and the DV-X calculation of chromium aluminum oxynitride ranges from 0.47 to 3.62 eV. This difference is probaly caused by the Coulomb interactions between the d electrons of chromium and the structure of the amorphous film. Through the experimental and theoretical studies, the valence band structure of chromium aluminum oxynitride came to be understand in detail.
Introduction
Chromium aluminum oxide has been proposed as a candidate material for the phase-shifting mask (PSM) in deep ultraviolet (DUV) optical lithography, 1) but it is difficult to meet the requirements of the transmittance slope without the substitution of nitrogen for chromium aluminum oxide.
2) Such optical properties are closely related to the electronic structure of the mask material. Accordingly, understanding the electronic structure of chromium aluminum oxynitride is important in the development of the mask material.
In our previous works, 3, 4) the electronic structure of chromium aluminum oxynitride was investigated by the discrete variational (DV)-X method theoretically and by Xray photoelectron spectroscopy (XPS) experimentally but the variation of valence band with composition was not clear because of the resolution limitations of XPS study.
In this study, we precisely measured the valence band of chromium aluminum oxynitride using resonant photoemission spectroscopy (RPES). We used the absorption edge of Cr 2p 3=2 as the source energy to obtain the resonant photoemission of the valence band. Resonant photoemission enables us to obtain enhanced intensity and resolution in photoemission study for low-cross-section structures as valence band. [5] [6] [7] [8] [9] The results of the spectroscopy were compared with the theoretical calculation. The electronic structure was calculated by a first-principles molecular orbital (MO) method. From the crystallographic data, we determined the atomic structure of the crystalline phase. Then, the embedded cluster model within the framework of the DV-X : method was employed to calculate the electronic structure of optimized crystal structures. Several model clusters of different atomic concentrations were chosen to simulate different atomic structures in the crystalline phase.
Experimental
2.1 Sample preparation and resonant photoemission spectroscopy Chromium aluminum oxide and oxynitride films were deposited using a planar circular-type DC magnetron reactive sputtering system with a disc-shaped 10 cm Cr-Al target.
10) The Ar, N 2 , and O 2 gas mixture was injected as a reaction gas into the chamber. The films were deposited under the conditions of substrate temperature of 573 K, power of 40 W and total chamber pressure of 4:7 Â 10 À3 Torr. The target-to-substrate distance was fixed at 132.4 mm. Films were deposited on quartz and Si substrates simultaneously. The detailed conditions of film preparation are described in ref. 10 .
The film composition was analyzed by a wavelength dispersive spectrometer (WDS). The RPES spectra were measured at the 4B1 beam line in the Pohang Accelerator Light (PAL) source. The source beam energy was calibrated with the Au 4f reference peak at 84 eV.
Computational details
All calculations were performed using a first-principles DV-X : method, [11] [12] [13] which is widely applicable to molecules and solids. In our calculation, was fixed at 0.7, which was known to be reasonable for the calculation of transition metals. 13) In the SCAT code we used, the basis functions were numerical solutions for the atom-like potential. 14) To build the atomic structure of chromium aluminum oxynitride, we used the lattice parameters of a continuous series of solid solutions. 15) We selected an embedded cluster containing eight metal atoms (Cr or Al) and 33 oxygen atoms, then we substituted nitrogen for oxygen in chromium aluminum oxide to investigate the valence band of chromium aluminum oxynitride. The procedure of electronic structure calculation is well described in our previous work. 3, 4) 
Results and Discussion
RPES spectra are compared with XPS spectra for the chromium aluminum oxynitride film and the result is shown in Fig. 1 . While the valence band top at approximately 2-3 eV shows a small shoulder in XPS spectra and RPES spectra below 574 eV similarly to XPS spectra, its intensity increases markedly when the photon energy is 574 eV. This enhancement of the valence band top is caused by the resonant effect of the valence band electron at the Cr 2p 3=2 (574 eV) absorption edge.
The resonant effects of transition metals around 2p thresholds have been reported and discussed with increasing interest in recent years. [5] [6] [7] [8] The intensity enhancement at the absorption edge relates to the 2p-3d interaction, namely the interaction between a direct photoemission and the direct recombination of an excited state. This means that the normal 3d photoemission 2p 2 + e À interfere. The direct photoemission from the 3d band produces a continuous photoemission spectrum. In the case of direct recombination, the photon energy of the absorption edge raises an electron from the 2p to the unoccupied 3d band, thus creating a hole in the 2p band and a conduction electron in the 3d band. This electron and hole directly recombine, creating an electron-hole pair (exciton) and liberating energy. The valence electron is ejected by this liberated energy. Because the final states in both processes are the same, the electrons have the same kinetic energy. Thus the intensity of the 3d spectrum is enhanced.
There is another possible decay mechanism for the exciton, which is similar to Auger decay. A valence electron recombines with the core hole and the liberated energy ejects another valence electron into vacuum, leaving the original conduction electron at the Fermi surface. Thus the final state consists of a free electron and two holes in the valence band. This ejected electron has an energy corresponding to the satellite just below the 3d band. Around the 3p threshold, most of the enhancement in photoemission intensity occurs in the region of the satellite, although the valence band emission is also enhanced. 16) By contrast, at the 2p threshold no resonance satellites are observed below the valence band, but the main peak of the 3d band exhibits a pronounced resonance behavior. Since the overlap of the 3d wave function with the 2p-hole wave function is much smaller than that with the 3p-hole wave function, the decay of the well-localized discrete excitation state occurs predominantly by way of a direct recombination process, rather than by way of the Auger-type decay.
9) It is for this reason that the 2p excitation does not produce a satellite resonance, but rather a 3d valence band photoemission enhancement. Therefore this RPES method can be useful for analyzing the valence of chromium aluminum oxynitride film.
Resonant photoemission spectra for the various compositions of chromium aluminum oxynitride are shown in Fig. 2 . Incident beam energy was selected at the Cr 2p 3=2 absorption edge. In aluminum oxide, the valence band is observed in the energy range between 3 and 11 eV and this corresponds to the O 2p. When nitrogen atom is added to aluminum oxide, a small peak appears in the energy region of 1-3 eV. This is suspected to be the N 2p peak caused by the weak resonance at the Cr 2p 3=2 absorption edge. In the case of chromium oxide, the valence band top appears at approximately 1.5 eV and this corresponds to the partially occupied Cr 3d peak caused by the strong resonance effect. The addition of nitrogen atom to chromium oxide changes the valence band peak width to approximately 0.6 eV but does not change the peak position. This broadening originates from the N 2p at approximately 1-3 eV. The top of the valence band in chromium aluminum oxide at the energy of 3.7 eV is observed between O 2p of aluminum oxide and Cr 3d of chromium oxide. When the nitrogen atom is substituted for the oxygen atom in chromium aluminum oxide, the top of the valence band is shifted to the lower binding energy of approximately 0.8 eV. Figure 3 shows the variation of valence band with we superimposed the RPES spectra of the valence band on the corresponding PDOS calculated theoretically. In the aluminum oxide system [ Fig. 4(a) ], the valence band consisted of the O 2p orbital and both measured and calculated electronic structures are in good agreement. The top of the valence band in the chromium oxide system, as shown in Fig. 4(b) , is composed of a partially occupied Cr 3d band. There is a small difference of approximately 0.5 eV between the RPES spectra and PDOS. When the nitrogen is substituted for oxygen in the pure aluminum oxide system, the O 2p band exhibits a shoulder peak at the lower energy side [ Fig. 4(c) ]. Although there is a difference of approximately 2 eV between RPES spectra and PDOS, the tendency of the shoulder peak is in good agreement between the measured and calculated electronic structures. The chromium oxynitride system exhibits valence band broadening, as shown in Fig. 4(d) , caused by N2p mixing with the Cr 3d orbital. In the mixture of chromium oxide and aluminum oxide [ Fig. 4(e) ], the top of the valence band appears between those of pure chromium oxide and aluminum oxide systems. In Fig. 4 (e), the top of the valence band in chromium aluminum oxynitride is shifted to a lower energy approximately 0.8 eV compared with the chromium aluminum oxide system. We can surmise from the above results that chromium addition shifts the position of the valence band to a lower binding energy and nitrogen addition broadens the valence bandwidth. This change of valence band structure is closely related to the transmittance and transmittance slope of chromium aluminum oxynitride, which is useful in PSM application. In the chromium aluminum oxide system, the disagreement between the Cr 3d bands observed by RPES and PDOS is presented in Fig. 5 . The top of the valence band increases linearly with aluminum oxide concentration in the measured RPES spectra. However, PDOS does not change in spite of concentration change. This disagreement between the RPES and PDOS measurements suggests the existence of a localization. A possible localization mechanism in chromium aluminum oxide system is the large Coulomb correlation interaction between Cr d electrons. Kang et al. reported that simple addition of the Coulomb interaction term U (approximately 1.5 eV) to the local spin density approximation (LSDA) calculation makes PDOS of Cr 3d coincide with the RPES spectral peak in Cr-based chalcogenide spinel compounds (Fe 0:5 Cu 0:5 Cr 2 S 4 , FCCS). 17) This U value is somewhat smaller than those used in LSDA+U calculations for transition metal oxides because the expected U values in metallic transition compounds or in intermetallic transition metal compounds are smaller than those in transition metal oxides. 18, 19) In the case of chromium oxides, U values are known to be in the range of 3-5 eV according to the type of anion. 20) In our chromium aluminum system, Coulomb interaction energy is supposed to change from 1 to 4 eV in accordance with the composition. Nevertheless, this Coulomb correlation interaction cannot explain the entire difference between the experiments and calculations. This disagreement also seems to indicate that the crystal structure used in theoretical calculation does not exactly describe the actual amorphous film. In particular, the neglect of structure relaxation to simplify the model cluster leads to a narrow valence band structure of chromium aluminum oxide in theoretical calculation.
We came to be understand the variation of valence band structure with composition from the RPES study and DV-X calculation. Although it is not easy to correlate transmittance with electronic structure because transmittance also depends on film thickness, refractive index and crystal structure, our study provides an understanding of the electronic structure variation of the chromium aluminum oxynitride system with composition, which is closely related to the transmittance property.
Conclusions
To summarize, we have performed resonant photoemission measurements for chromium aluminum oxynitride film and compared them with DV-X calculations. A marked resonant effect of the Cr 3d band has been observed by RPES and can be used to study the valence band of chromium aluminum oxynitride film. It is observed that the top of the valence band is predominantly of the partially occupied Cr 3d, consistent with the DV-X calculation. In chromium aluminum oxide, RPES shows that the top of the valence band changes linearly with aluminum concentration, whereas the calculated PDOS does not. We suspect that this disagreement is due to the Coulomb interaction between the d electrons of chromium and the structure of the amorphous film. When nitrogen is substituted for oxygen in chromium aluminum oxide, the N2p level appears between the O 2p and Cr 3d levels. Thus, the valence band of chromium aluminum oxynitride becomes broader than that of chromium aluminum oxide. Through theoretical calculation and experimental verification, we can elucidate that the transmittance and transmittance slope of chromium aluminum oxynitride film can be controlled properly for PSM application through the modification of the valence band by composition control.
